Phenotypic variability within forest species populations is considered of special relevance for local adaptation under new environments, albeit it has been analyzed to a lesser extent than inter-population phenotypic variability. A common garden study was carried out to assess phenotypic variability in response to water stress in half-sibling families from a marginal population of Fagus sylvatica L. at its south-western range edge distribution in Europe. Two irrigation regimes were applied, well-watered (WW) seedlings and those submitted to weekly cycles of drying-rewatering of growth media. Seedling growth and their leaf functional traits were recorded during the last cycle of water stress. Most of the phenotypic changes were explained by phenotypic plasticity in response to water stress, but there was also a significant effect of family in the expression of some of the studied traits. The relationship of carbon isotope fractioning with gas exchange traits across families under WW conditions did not follow the same pattern as the phenotypic trends. The leaf net photosynthesis across families was modified by the nitrogen content on a leaf mass basis that was in turn correlated positively with leaf nitrogen isotope fractionation. The results point to an important role of leaf nitrogen in determining the intrinsic water-use efficiency (WUE) across families. Variation in WUE was ruled mainly by control of stomatal conductance to water vapor under water stress, but by leaf net photosynthesis under wet conditions. Relatively high inter-family phenotypic variability in growth and functional traits were observed. Within-population phenotypic variability, and the plasticity of some of the studied traits, is of fundamental importance to cope with the harsher environments beech will have to endure in the future at different points in its distribution range.
Introduction
Recurrence of drought is expected to increase during the next decades in many locations throughout the distribution range of beech (Fagus sylvatica L.). Climate change leading to water limitation may jeopardize the sustainability of some populations, especially those at the trailing edge of the species' distribution (Aranda et al. 2005 , Peñuelas et al. 2008 , Cano et al. 2013 , Chen et al. 2015 . Even wet sites within the core distribution suffer occasional harsh dry periods that can exacerbate serious diseases of beech woods (Weber et al. 2013 ). However, beech usually maintains enough intraspecific phenotypic plasticity and genetic variability to cope with water stress. This intraspecific variability should be considered an intrinsic property of beech populations when facing the challenge imposed by ongoing climate change (Peuke et al. 2002 , Leonardi et al. 2006 , Meier and Leuschner 2008 , Rose et al. 2009 . The ecophysiological response of beech according to origin of population has been assessed in various studies (García-Plazaola and Becerril 2000 , Peuke et al. 2002 , Pšidová et al. 2015 , Dounavi et al. 2016 , and the different sensitivities to water stress could be considered as indicative of a different plastic response at the population level (Rose et al. 2009 , Thiel et al. 2014 , Bolte et al. 2016 . However, little information is available on the intra-population variability in beech functional and morphological traits, in spite of its evolutionary relevance (Leonardi et al. 2006 , Bresson et al. 2011 , Bontemps et al. 2016 ; even information on the potential differentiation in the plasticity to environmental stresses among openpollinated families within the same population is scarce. This source of variability is one of the main drivers for forest tree populations to evolve, and is subject to micro-evolutionary processes operating at the local scale (Aitken et al. 2008 , Ramírez-Valiente et al. 2009 , Alberto et al. 2013 , Santiso et al. 2015 , Torimaru et al. 2015 . At the trailing edge of beech distribution in the south of Europe, the species is threatened by local extinction at some sites because of harsh recent historical environmental conditions (Aranda et al. 2005 , Peñuelas et al. 2008 , Jump et al. 2006 , Rozas et al. 2015 , potential genetic drift from reduced size and fragmentation of populations (Jump and Peñuelas 2006) , and limitations to gene flow from distant and nearby populations (Leonardi et al. 2012 , de Lafontaine et al. 2013 . Furthermore, it is considered unlikely that many plant species and especially trees (Barrett and Schluter 2008, Aitken and Bemmel 2016) will be able to migrate fast enough to keep up with the rates of climate change.
Most functional and morphological traits show a high degree of phenotypic plasticity in response to water stress in beech, and intraspecific genetic variation among populations in traits related to water economy has also been highlighted (Meier and Leuschner 2008 , Bresson et al. 2011 . In particular, traits involved in the functionality of the hydraulic system (Wortemann et al. 2011 , Aranda et al. 2015 , Schuldt et al. 2016 ) and the leaf level physiological response (García-Plazaola and Becerril 2000, Rose et al. 2009 , Dounavi et al. 2016 seem to vary according to population origin. From a functional point of view, water and nitrogen economies rely on the interplay between water-use efficiency (WUE), modulated by the functional response to water shortage (Rose et al. 2009 , Dounavi et al. 2016 , and leaf photosynthetic nitrogen-use efficiency (PNUE) as surrogate of carbon gain per nitrogen investment (Warren and Adams 2006 , Soolanayakanahally et al. 2009 , Broeckx et al. 2014 . At the functional crossroad in the leaf physiology of plants, represented by WUE and PNUE, leaf net photosynthesis (A net ) is a key functional trait underpinning carbon isotopic discrimination as surrogate for intrinsic water-use efficiency (iWUE; Richards 1984, Cernusak et al. 2013 ). Though iWUE is highly coupled to stomatal control of water loss (g wv ) in most cases, A net and g wv can vary independently in determining iWUE according to genetic background (Gilbert et al. 2011) . Other elements of plant physiology can also influence iWUE, such as the leaf nitrogen content, which affects coordination between A net and g wv by modifying the biochemical processes of carbon uptake such as the maximum carboxylation capacity, and the electron transport capacity (Duursma and Marshall 2006) . The increasing importance granted to the regulation of water loss vs carbon uptake capacity as a selection factor might stem from the most common finding that on balance, of the two traits governing changes in iWUE, the influence of g wv usually outweighs that of A net . Accordingly, changes in iWUE seem to rely more heavily on those genotypic and phenotypic differences related to the control of water losses (Roussel et al. 2009 ) than those related to carbon uptake (Johnsen and Major 1995, Xu et al. 2000) . Despite the relevance of nitrogen metabolism to carbon uptake across forest tree species and environments (Broeckx et al. 2014 ) and its potential role as a determinant of WUE (Duursma and Marshall 2006, Cernusak et al. 2007) , it is frequently overlooked in studies addressing intraspecific functional variability within forest tree species (but see Peuke et al. 2006) . The capacity for uptake and internal partitioning of limiting nutrients such as nitrogen could be as relevant as the role of water scarcity, as an important restriction to the growth of broad-leaved species in temperate forests at the southern limit of their distribution area (Fotelli et al. 2002 , Rennenberg et al. 2009 , Simon et al. 2014 ). Though δ
15
N was a poor indicator of the water stress endured by beech seedlings, its variation in response to water deficit differed depending on the plant compartment sampled and population origin (Peuke et al. 2006) .
Physiological response is highly responsive to environment as already commented; this is one of the reason differentiations between phenotypic plasticity and genetic control is an elusive issue. In addition, most functional traits are polygenic (de Miguel et al. 2014) , and with a complex regulation that makes its genetic determinism difficult to assess (Gauzere et al. 2016 ). However, adaptive genetic diversity is fundamental for the evolutionary future of populations, but much more so under the uncertainties forecasted by climate change (Jump and Peñuelas 2006) . Although literature is abundant in works showing differences among beech populations in functional traits, only recent reports highlight the relevance of the adaptive genetic diversity within populations for traits such as δ 13 C as surrogate of WUE, or leaf mass per area (Bontemps et al. 2016 , Gauzere et al. 2016 . These traits, though showing a low to moderate genetic control, could be considered still as visible to the action of natural selection.
An experiment under common garden conditions was set up with half-sibling families of F. sylvatica from a marginal population representative of the trailing edge of the species' distribution in the south of Europe (Aranda et al. 2000 , Cano et al. 2013 . Intrapopulation phenotypic variability in growth and functional performance was studied in response to recurrent cycles of water deprivation. The following hypotheses were tested: (i) phenotypic variability in relative growth rate and functional traits arises from both genotypic variation and phenotypic plasticity to water availability; and (ii) carbon fixation, control of water losses and leaf nitrogen content show a coupling of the three functional traits across families depending on the water stress endured by seedlings.
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Materials and methods

Plant material and experimental set-up
In the autumn of 2013 beechnuts from mature trees at 'Montejo de la Sierra' beech-wood (41°7′N, 3°30′W, Madrid, central Spain) were collected directly from tree branches (see Aranda et al. 2000 or Cano et al. 2013 for a detailed description of the stand). Seeds from a total of 20 maternal trees resulted in 20 half-sibling families (strictly open-pollinated families, family hereafter), though only 16 were finally included in the study because of the low number of viable seeds and poor germination observed in four families. The seeds were maintained at 4°C for 2 months. Afterwards, they were fully rehydrated and submitted to chilling for 8-10 weeks in individual trays. The first beechnuts beginning to germinate were kept in the fridge to minimize familial differences in dormancy (almost 2 weeks), until at least 20 seeds from each family had germinated in the chilling media and were ready to be planted. The protocol allowed nascence to be synchronized across families, minimizing familial differences in initial size at the beginning of the experiment. Emerging seedlings were carefully planted during the middle of April at the greenhouse facilities of the INIA (Madrid). Containers of 400 cm 3 were filled with a 3:1 volume mixture of peat Floragard TKS2 (Floragard Vertriebs gmbh, Oldenburg, Germany) and washed river sand. This mixture was supplemented with 2 kg m −3
of Osmocote Plus fertilizer (16-9-12 NPK+2 micronutrients, Scotts, Heerlen, The Netherlands). The experimental design allowed us to test for family effects, for drought stress effects (phenotypic plasticity) and for the interaction between the two as a proxy for differences in plasticity among families. The experimental layout was based on a balanced factorial design with two factors: family and water availability. Well-watered (WW) and water-stressed (WS) plants were arranged randomly within each of two blocks that accounted for any environmental gradients in the greenhouse. The total number of seedlings was 320 (5 replicates × 16 families × 2 watering regimes × 2 blocks). All plants were watered regularly until the first true leaves were fully expanded in early June (see Figure S1a available as Supplementary Data at Tree Physiology Online). Afterwards, WS seedlings were submitted to weekly cycles of water stress by deprivation of watering for 1 week, followed by rehydration of pot soil to full water-holding capacity (2 h of sprinkler irrigation on the seventh day was enough to recover full water-holding capacity in the pots). Well-watered seedlings were watered three times a week, enough to maintain plants with unlimited soil moisture availability throughout the experiment. A total of 11 consecutive cycles of drying-rehydration were applied to the WS seedlings, followed by a full recovery phase (spread over 2 weeks) where all plants were regularly watered (see Figure S1a available as Supplementary Data at Tree Physiology Online). Maximum photosynthetic photon flux density (PPFD) of sunlight in the greenhouse was between 500 and 600 μmol m −2 s −1 on average for sunny days. Relative humidity was kept at 65 ± 5% with a misting system. Temperature varied on a daily and seasonal basis but it was controlled within ranges close to ambient conditions avoiding exceeding 28°C, using the greenhouse environmental control systems. Volumetric soil water content in pots (VWC s ) was measured in all seedlings with a FDR probe (Echo 5, Decagon Device, Inc, Pullman, USA) at the end of a first phase of five weekly cycles of drying and rehydration of pot substrate from the beginning of the water-stress period (T1), after the second phase of 11 weeks of drying and rehydration of the pot substrate (T2) and after full recovery from the drought (13 weeks from the beginning of the imposition of water-stress cycles). Throughout the experiment, and in particular during the period of drought imposition, soil moisture was periodically monitored in a 20 randomly selected seedlings per watering treatment. In addition, effective water stress endured by the seedlings was recorded at the end of the first (T1) and second phase (T2), respectively, by measuring predawn leaf water potential (ψ pd ) with a Scholander pressure chamber (PMS Instrument Co. 7000, Corvallis, OR, USA). All seedlings were brought to a climate chamber the day before measuring water status from ψ pd and VWC s of pots, which allowed the relationship between the two variables to be established (see Figure S1b available as Supplementary Data at Tree Physiology Online). Plants were transferred to a growth chamber (Fitoclima 10000 EHHF, Aralab, Albarraque, Rio de Mouro, Portugal) during measurements at a temperature of 20°C and 70% relative humidity/night, and 25°C and 65% relative humidity/day just the night before recording water status and gas exchange. Measurements of leaf ψ pd were made in darkacclimated plants, then following the beginning of the diurnal cycle in the chambers, gas exchange measurements were made in seedlings that had acclimated to light over 1 h (PPFD ≈ 500 μmol m −2 s
−1
). This duration of acclimation was long enough for the measured plants to reach maximum daily values of leaf photosynthesis and stomatal opening. Leaves at the same ontogenic state were marked on each seedling before the gas exchange measurements. Net photosynthesis on a leaf area basis (A area ), stomatal conductance of water vapor (g wv ) and chlorophyll fluorescence were recorded in one leaf per seedling with a portable photosynthesis system (LiCor 6400 XP, Li-COR Inc., Lincoln, NE, USA) coupled to an integrated fluorescence chamber (chamber Li-6400-40, Li-COR Inc.). Intercelular concentration of CO 2 (C i ) was calculated from gas exchange measurements. Environmental conditions in the gas exchange chamber were: saturating PPFD (1200 μmol m −2 s −1
), constant VPD (~1.2 KPa), optimum temperature (25°C) and constant CO 2 (400 ppm). Actual photochemical efficiency of photosystem II (φ PSII ) was estimated according to Genty et al. (1989) : φ PSII = (F m ′ − F s )/F m , after measuring steady-state fluorescence (F s ) and maximum fluorescence during a saturating light pulse (F m ′).
Basal area (BA) increment of seedlings was used as a surrogate of plant growth. Basal area was recorded three times: 5 and 11 weeks after the beginning of the first water-stress cycle, and 2 weeks after full alleviation of water stress. Relative growth rate (RGR) was estimated after 5 and 11 weekly water-stress cycles, and for the full growing period according to:
where BA 2 and BA 1 are the basal area of plants at time 2 and 1, respectively, and (t 2 − t 1 ) the time interval in days between the two sampling times. Differences in RGR between 5 and 11 weeks allowed ontogenetic effects on growth to be detected while comparisons between WS and WW seedlings allowed sensitivity to water stress to be estimated. One leaf per seedling was harvested at the peak of water stress in the second phase of the experiment after 11 cycles of watering and drying. Leaf area was measured with an image analyze program (ImageJ, open source software: https://imagej.nih. gov/ij/), and leaf dry mass excluding petiole weight with a digital balance (EX224/AD, Explorer, Ohaus Corporation, Greifensee, Switzerland). Specific leaf area (SLA, m 2 kg
) of individual leaves was calculated as leaf area divided by leaf dry mass. The SLA and A area were used in turn to calculate the net photosynthesis on a mass basis (A mass ).
The same leaves were then finely ground and analyzed for elemental nitrogen (N m ) and carbon contents (C m ) (PDZ Europa ANCA-GSL elemental analyzer, Sercon Ltd, Cheshire, UK). In addition, stable isotopic fractioning of bulk leaf dry mass, expressed relative to V-PDB (Vienna PeeDee Belemnite) and air for δ ) calculated per leaf dry mass were used to determine the PNUE.
Statistics
An analysis of variance was applied to test treatments effects on morphological, functional and growth-related variables, considering the watering treatment as a fixed factor and family as a random factor. Interaction among factors was considered as indicative of differences in phenotypic plasticity among families. Pearson's phenotypic correlations were computed for the pool of data in order to establish general phenotypic relationships between the different functional traits. Relationships between variables were explored for all the phenotypic data by linear and non-linear models. The same approach was followed at the level of families, to detect the familial effect on interrelationships and the assemblage of functional variables. Variables were log transformed when necessary to meet the assumptions of normality and homogeneity of variances, after checking with Shapiro-Wilk and Levene's tests, respectively.
Results
Water stress endured by plants through the experiment
The VWC s was in the range 40-45% for all the plants during the establishment phase. This value was maintained in control plants throughout the experiment (Figure 1 ). The VWC s of WS plants reached minimum of 7.8-11.7% on average just before full rehydration of soil, and relief from water stress, at the beginning of each new cycle of water deprivation (Figure 1) . The pattern of evolution of VWC s and its impact on ψ pd was similar during each cycle of soil drying-rehydration. Leaf ψ pd measured in all plants 5 weeks after the beginning of the watering-drying cycles highly significantly differed in response to watering (P < 0.0001), and with family (P = 0.0067), though to a lesser extent. In contrast, the interaction term watering × family was not significant (P = 0.0615). The mean effect size of the different factors remained similar after 11 weeks, but increasing variability meant that the familial effect was no longer statistically significant (P = 0.1607) and the interaction between watering and family was significant (P = 0.028). Nevertheless, the significant effect of the watering treatment was again strongest (P < 0.0001). Average leaf ψ pd for WW and WS seedlings were −0.30 ± 0.02 and −1.24 ± 0.05 MPa, respectively, at T1, and −0.47 ± 0.02 and −1.66 ± 0.05 MPa at T2 (Figure 2 ).
Interfamilial variation in growth, gas exchange and quantum yield of PSII Basal area increment was highly affected by drought, with RGR being higher for WW plants in both of the two periods defined by the two sampling times, and over the experimental period as a Figure 1 . Soil volumetric water content (VWC s ) at different times during the experiment for beech seedlings growing under well-watered conditions (WW-white bars) and submitted to recurrent cycles of drought (WS-black bars). Each point represents the average VWC s for each watering treatment measured right before rewatering to full water-holding capacity for each water-stress cycle (n = 160 at T1, T2 and recovery, otherwise n = 40, mean ± SE). Main source of variation was water stress.
Tree Physiology Online at http://www.treephys.oxfordjournals.org whole (RGR Tot , Figure 3) . The family effect on RGR was also significant (Table 1 (Table 1) , and those families having the highest RGR Tot under WW conditions also tended to have higher growth rates after recurrent water-stress cycles (Figure 4 ). Only after 11 weeks of water stress was the interaction between drought and family significant. When the experiment is divided into different time periods corresponding to the cycles of water stress a negative phenotypic correlation of RGR with δ 13 C, δ 15 N, C m , and iWUE, but a positive correlation of RGR with ψ pd , A area , A m , g wv , C i , PNUE and φ PSII (see Table S1 available as Supplementary Data at Tree Physiology Online). Most leaf gas exchange and chlorophyll fluorescence variables were affected by the water treatment, with a consistent reduction of A area , A m , g wv and φ PSII in response to water stress (Table 1) . Hence, most functional traits derived from gas exchange and chlorophyll fluorescence were positively correlated with ψ pd (see Table S1 available as Supplementary Data at Tree Physiology Online). The family effect on A area and g wv was also significant (Table 1 ). The rest of the studied functional traits did no differ in phenotypic plasticity among families (Family × Water P = ns, Table 1 ).
Elemental and isotopic nitrogen and carbon composition in leaf dry matter
Isotopic carbon and nitrogen fractionation changed in response to water availability. In both variables (δ 13 C and δ 15 N) there was an increase with water stress for most families ( Figure 5 ), but Tree Physiology Volume 37, 2017 significant interfamilial variation in leaf δ 13 C and δ
15
N was detected under both watering regimes (Table 1) . The leaf N m changed in response to water availability and family. For most of the families, the leaf of WS plants had higher N m . The leaf C m also increased significantly in response to water stress (45.02 ± 0.13 WW plants vs 45.62 ± 0.13 WS plants, overall mean), but it did not differ among families. The carbon-to-nitrogen (C/N) ratio significantly decreased under water stress, and also differed among families under both watering regimes (Table 1) . Moreover, the interaction between family and water treatment denoted significant variation in plasticity among families only for the C/N ratio (P = 0.03), and marginally significant differences for δ 15 N (P = 0.099) or δ 13 C (P = 0.101). There was a tight relationship between C/N ratio and N m . The latter trait was the main driver of C/N ratio variation across treatments and families (see Figure S2 available as Supplementary Data at Tree Physiology Online).
Relationship between functional traits and leaf isotopes fractionation
The relationship of δ 13 C with A area and g wv differed depending on how the data were split, either into pooled data (phenotypic relationship) or average values for each family within each watering treatment. Considering pooled data, δ 13 C was negatively correlated with g wv (r = −0.68, P < 0.001) and A area (r = −0.60, P < 0.001). The pattern was different when the relationship was analyzed for all families under WW conditions; in this case δ 13 C was positively correlated with A area and no clear pattern emerged in relation to g wv ( Figure 6 ). For WS plants, the relationship was similar to that of the data as a whole (i.e., δ 13 C negatively correlated with both g wv and A area ). The positive relationship between g wv and A area across families was more pronounced under WS than under WW conditions (Figure 7 , comparing slopes). The relationship between δ 13 C and N m was positive and significant for WW plants, but it was not significant for WS plants (Figure 8a ). In a similar way, both A area and A mass were related to leaf N m across families (Figure 8b , data for A area only). The N m was in turn significantly positively correlated with δ 15 N, but only under WW conditions (Figure 8c ). The PNUE mainly responded to water availability (Table 1) , but was negatively related to δ 13 C across families in both WW and WS plants (Figure 8d ).
Discussion
Interfamilial differentiation in growth
Most traits displayed high phenotypic plasticity in response to drought, but they also maintained a significant variability across the genetic pool of half-families tested under both WW and WS conditions. Moderately strong genetic determinism of growth in forest tree species among maternal lines has been widely reported in studies for numerous forest tree species (Xu et al. 2003 , Gonzalez-Martinez et al. 2004 ), but there are not previous reports for beech as far as we know. In addition, one important question is the degree of the intra-population variability, known as one of the principal source of genetic variability within forest tree species, but that could be eroded at the margins of the distribution area of species. In our case, a similar pattern of significant intra-population variation was observed not only for growth, but also for some of the physiological traits studied, than to previous reports comparing performance among populations. Table 1 . The range of interfamilial variation for the leaf ecophysiological traits measured in 16 half-sibling families from a marginal beech population (ranges include means ± SE). Significance of treatment, family or the interaction of both factors taken from the ANOVA are indicated in bold or in italic and bold when marginally significant P-value (0.10-0.05). Differences in growth at the intraspecific level have been described when comparing different geographical origins of beech (Rose et al. 2009 , Thiel et al. 2014 , Bolte et al. 2016 ). In our case the intra-population variability observed among openpollinated families represents a step forward, and highlights the relevance of the intra-population genetic variability in the growth and different functional leaf traits of beech at early ages, as much under wet as under drought conditions. The sensitivity of the tested families in terms of phenotypic plasticity was similar for most traits, although the role of this important source of variation deserves new studies that consider a more intensive sampling during the environmental change that could result in a differential plastic response expressed through time. On the other hand, the number of families tested was too low to carry out quantitative genetic analyses, but differences among the observed components of variance after splitting the total variance of the studied functional traits into their components (watering treatment, family Figure 4 . Relationship between the relative growth rate of well-watered (RGR ww ) and water-stressed plants (RGR ws ) across 16 half-sibling beech families. All the relationships were significant at different integration times throughout the experiment: 5 weeks of water stress (top-black circles), 11 weeks of water stress (middle-gray circles) and full length of the experiment (bottom-white circles). 
15
N in seedlings from 16 halfsibling families of F. sylvatica studied under common garden conditions in a greenhouse. Differences among families were significant within a specific watering treatment, and a similar norm of reaction to water stress was observed for the tested families. Average values for the WW seedlings are shown as white bars and WS seedlings as black bars (mean ± SE).
and their interaction) allows us to conclude that this marginal population contains enough additive genetic variance in several key functional traits, such as growth, to expect a certain degree of evolvability for the action of natural selection and adaptation of the species in the future (Bontemps et al. 2016) . This argument has recently been reinforced by genome-environment association studies in beech, suggesting that adaptation in beech can depend on genetic processes operating at the local scale (Csillery et al. 2014) .
It was not possible to find a relationship across families between any of the functional and growth variables that went beyond the general phenotypic trends detected when considering the pooled data for the whole population (e.g., decreases in RGR with effective water stress in terms of ψ pd ; positive correlations of RGR with A area , Ф PSII and g wv , or negative ones with δ 13 C or iWUE). Even variables such as leaf δ 13 C did not explain differences in RGR among families at the early seedling stage. This would be in agreement with previous works where different trends have been observed between growth and δ 13 C, or even full absence of any kind of relationship between both traits. Results for other species have shown δ 13 C as potential predictor of growth under WW and WS conditions at the intraspecific level, and at different ontogenic states (Xu et al. 2000 , Voltas et al. 2008 , Ramírez-Valiente et al. 2009 ). However, relationships of growth with punctual measurements of the physiological response cannot always summarize the complex interplay between growth and functional performance (Muller et al. 2011) . This relationship is underpinned by multiplicity of interacting variables and factors, many of which are beyond the scope of this study.
Inter-family differentiation in nitrogen and carbon isotope composition
Genetic differentiation in δ 13 C has been reported for natural and controlled environments in agronomic crops (Yousfi et al. 2012) and forest tree species (Cregg et al. 2000) , to the point of being proposed as a criteria for plant breeding to indicate drought tolerance (Xu et al. 2000 , Richards et al. 2002 , Yousfi et al. 2012 , or used as a surrogate for the strategy followed by plants regarding WUE in natural environmental contexts (Diefendorf et al. 2010 , Cernusak et al. 2013 ). Isotopic composition is considered a good long-term surrogate of WUE in beech, and it has been reported to maintain a range of intraspecific variation among populations between −1.5 and 2‰ depending on the study (Rose et al. 2009 , Dounavi et al. 2016 . It is Tree Physiology Online at http://www.treephys.oxfordjournals.org noteworthy that interfamilial variation within a population was relatively high (range of variation of −0.5‰ under WW and −1.2‰ for WS, respectively), reaching close to the range reported at the inter-population level (Peuke et al. 2006 , Rose et al. 2009 . This high genetic variability of δ 13 C at the local scale agrees with a previous study of a fullsibling family that analyzed WUE specifically (Leonardi et al. 2006) , and with a more recent genome-environment association study carried out for δ
13
C under field conditions (Bontemps et al. 2016) . The intra-population genetic variability in δ 13 C could result from action of a highly heterogeneous environment over a trait with a moderate heritability as recently observed by Bontemps et al. (2016) . Ultimately, it renders a wide range of phenotypic variation in leaf isotopic composition, and allows coexistence of different water-use strategies among individuals of the same population. This is very important for a forest tree species with a long-life span that often faces high inter-annual variation in local microclimatic conditions. Furthermore, the plasticity of δ 13 C to water stress was also high but within a similar range to that for its genetic variability among families.
There is ample information available on the genetic variation of δ 13 C within forest tree species (Livingston et al. 1999 , Cregg et al. 2000 , Xu et al. 2003 , unlike that referring to the genetic determinism of δ 15 N in leaf dry matter of forest tree species, which is much less studied (Xu et al. 2003 , Pritchard and Guy 2005 , Peuke et al. 2006 , Kalcsits and Guy 2016 than in crop species (Handley et al. 1997 , Robinson et al. 2000 , Kolb and Evans 2003 , Yousfi et al. 2010 . In the present study, there was general leaf 15 N depletion in most families, and a lower C/N ratio of the leaf dry matter content explained by changes in the N m , when seedlings were submitted to water stress (Raimanová and Haberle 2010, Yousfi et al. 2010) . The genetic differentiation in δ 15 N among families under WW conditions might reflect differences in nitrogen fractionation during its uptake or its internal reallocation after absorption (Pritchard and Guy 2005) , not the nitrogen source for the different families, which was homogeneous in the growing media. Variability in leaf δ 15 N was related to the variability in elemental nitrogen content in leaves under WW conditions (i.e., positive relationship between δ 15 N and N m across families). Nitrogen uptake differences could be underpinned by differences in the activity of glutamine synthetase and nitrate reductase, which have been reported to be positively correlated with δ 15 N in leaf dry matter (Yousfi et al. 2012) . No data on this relationship are currently available for F. sylvatica, but in a recent study Carsjens et al. (2014) highlight the relevance of beech genetic background for the expression of key enzymes involved in water-stress response and nitrogen metabolism such as glutamine amidotransferase.
Interplay between gas exchange and leaf dry mass isotopic fractionation of carbon and nitrogen
Stomatal conductance of water vapor was strongly negatively correlated with δ
C in response to water stress (Fotelli et al. 2003 , Keitel et al. 2003 , reflecting an increase in isotopic discrimination prompted by the decline of C i as stomata close. The correlation was present across families for WS plants, in line with the general phenotypic response. Under WW conditions carbon uptake seems to have driven changes in δ Given the fact that differences among families under WW conditions were higher for A area than for g sw , it can be argued that variation in δ 13 C is mainly driven by inter-family variability of A n , but only under WW conditions as the relationship between δ 13 C and N mass was broken under water stress ( Figure 8a ) and there was no relationship between A n and δ
C among families (Figure 6b ). Thus, we hypothesize a functional relationship between carbon uptake capacity and WUE mediated by the variation in leaf nitrogen content across families. The results of the study reinforce the importance of genotypic variation in nitrogen acquisition and its putative effect on carbon uptake and δ 13 C when water is not limiting. The underlying mechanism is presumably the relationship of leaf nitrogen content with biochemical drivers of net photosynthesis such as maximum velocity of carboxylation or electron transport capacity , Cano et al. 2013 . When seedlings are grown under WW conditions, leaf δ 13 C seems to be driven by maximization of carbon gain. In this respect, our results suggest that the complex interplay between nitrogen metabolism and water use at the genetic level does not strictly follow the same patterns as that observed at the phenotypic level, in particular when water is not limiting. Under water deficit the expression of genotypic differences at the phenotypic level is more complex, since g wv differed among families, separating those families where the tight control of water loss influenced carbon uptake (A n ) and increased WUE (different slopes in the relationships A n −g wv depicted in Figure 6 ). In this respect, a drop in g wv across families would penalize A n much more than when plants had adequate water availability. In fact exclusion of one of the families in Figure 5a resulted in a tight negative relationship between δ 13 C and both g wv and A n , but of steeper slope for the pair δ 13 C and g wv .
Conclusions
The phenotypic response of beech seedlings in our experiment was driven mainly by the soil moisture availability treatment, and depended on the strength of the effective water stress endured by plants. In this respect, plasticity in response to water stress was the most important factor explaining changes in most functional variables and growth for the pool of families. However, genetic effects were also observed corresponding to the differential response to water stress among families. The influence of the genetic background led to complex interrelationship among the studied functional traits, which do not always display the same patterns as the population as a whole (e.g., δ 13 C vs A area ).
High phenotypic variability given by genetic variability and plasticity can be a guarantee for forest tree species to cope with more water-stressful conditions at the local scale in the future, and could ultimately determine whether or not the limits of survival and persistence of the species at the trailing edge of its range if ecological limits of the species are not exceeded.
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